Using density functional theory and generalized gradient approximation for exchange and correlation, we present theoretical analysis of the electronic structure of recently synthesized graphyne and its boron nitride analog (labeled as BN-yne). The former is composed of hexagonal carbon rings joined by C-chains, while the latter is composed of hexagonal BN rings joined by C-chains. We have explored the nature of bonding and energy band structure of these unique systems characterized by sp and sp 2 bonding. Both graphyne and BN-yne are found to be direct bandgap semiconductors. The bandgap can be modulated by changing the size of hexagonal ring and the length of carbon chain, providing more flexibilities of energy band engineering for device applications. The present study sheds theoretical insight on better understanding of the properties of the novel carbon-based 2D structures beyond the graphene sheet. © 2011 American Institute of Physics. [doi:10.1063/1.3583476] Carbon, the element responsible for life on earth, has many unique properties brought about by its ability to form diverse sp, sp 2 , and sp 3 bonding. In organic systems, carbon atoms form a variety of structures ranging from linear chain to square, pentagonal, and hexagonal rings. In molecules, such as coronene, five hexagonal rings of C surround a pentagonal ring resulting in a buckled structure. However, in condensed matter systems for a long time only two allotropes of carbon have been known. These are diamond and graphite, respectively, characterized by sp 3 and sp 2 bonding. The discovery of C 60 fullerene in 1985 fundamentally changed this paradigm. New concepts of carbon bonding in condensed matter systems emerged opening the door to the synthesis of other allotropic forms of carbon. These include carbon nanotubes, graphene, 1, 2 and several graphene-based structures, such as graphene nanoribbons, 3 single atomic C-chain, 4, 5 and porous graphene sheet.
Using density functional theory and generalized gradient approximation for exchange and correlation, we present theoretical analysis of the electronic structure of recently synthesized graphyne and its boron nitride analog (labeled as BN-yne). The former is composed of hexagonal carbon rings joined by C-chains, while the latter is composed of hexagonal BN rings joined by C-chains. We have explored the nature of bonding and energy band structure of these unique systems characterized by sp and sp 2 bonding. Both graphyne and BN-yne are found to be direct bandgap semiconductors. The bandgap can be modulated by changing the size of hexagonal ring and the length of carbon chain, providing more flexibilities of energy band engineering for device applications. The present study sheds theoretical insight on better understanding of the properties of the novel carbon-based 2D structures beyond the graphene sheet. Carbon, the element responsible for life on earth, has many unique properties brought about by its ability to form diverse sp, sp 2 , and sp 3 bonding. In organic systems, carbon atoms form a variety of structures ranging from linear chain to square, pentagonal, and hexagonal rings. In molecules, such as coronene, five hexagonal rings of C surround a pentagonal ring resulting in a buckled structure. However, in condensed matter systems for a long time only two allotropes of carbon have been known. These are diamond and graphite, respectively, characterized by sp 3 and sp 2 bonding. The discovery of C 60 fullerene in 1985 fundamentally changed this paradigm. New concepts of carbon bonding in condensed matter systems emerged opening the door to the synthesis of other allotropic forms of carbon. These include carbon nanotubes, graphene, 1, 2 and several graphene-based structures, such as graphene nanoribbons, 3 single atomic C-chain, 4, 5 and porous graphene sheet. 6, 7 Unusual mechanical, electronic, and transport properties of these nanocarbon systems and their many technological applications ranging from drugs to synthetic materials have led to considerable interest in the study of C-based materials.
Very recently, a novel two-dimensional (2D) periodic framework (graphdiyne), composed of sp and sp 2 mixed C atoms has been synthesized 8 through cross-coupling reaction using hexaethynylbenzene on copper surface. This series of structure is beyond graphene sheet and has been highlighted in Nature recently. 9 To exploit its potential technological applications, it is important to investigate the stability and electronic properties of this new 2D structure family. Currently, there are some theoretical works examining the properties of graphyne and its related structures such as nanotubes. [10] [11] [12] [13] However, the electronic structures as well as bandgap modulations of such 2D frameworks have not been examined carefully, such as through electron distribution's point of view and a) Electronic mail: sunqiang@pku.edu.cn. the comparisons with pristine graphene sheet have not been made yet.
In this study, we present theoretical study of the structure and electronic properties of 2D graphyne and their structural analogs involving BN rings (BN-yne). The latter is composed of BN hexagonal rings linked by C-chains and have never been examined till now. We note that BN sheet and its hybrid sheets with graphene have already been successfully synthesized. [14] [15] [16] Using calculations based on density functional theory within generalized gradient approximation, we examine the geometric and electronic properties of graphyne and BN-yne as a function of C-chain length. We find that both the systems are semiconductors with direct bandgaps. The C-chains between hexagonal rings have alternative single C-C and triple C≡C bonds, confirmed by bond length and electron distribution analyses. Furthermore, while the bandgap of graphyne is insensitive to the length of C-chains, it decreases monotonically in BN-yne. These bandgap modulation characters, as far as we know, have not been studied and presented in previous theoretical calculations.
Our calculations are based on generalized gradient approximation with Perdew-Burke-Ernzerhof exchange correlation functional, 17 as implemented in DMOL3 package. 18, 19 We used effective core potential with double numerical polarized basis set. The orbital cutoff is set globally with the value of 3.7 Å for graphyne and 4.1 Å for BN-yne. Vacuum space of 18 Å in z direction is used in order to avoid interactions between two images. We use Monkhorst-Pack special k point meshes 9 × 9 × 1 to represent the reciprocal space. 20 Geometric structures were relaxed without any symmetric constraints. Convergence of total energy, Hellman-Feynman force, and maximum displacement are set to be 1 × 10 −4 eV, 0.01 eV/Å, and 0.005 Å, respectively. All of the computed geometric and electronic properties have been recalculated with Vienna ab initio simulation package (VASP) (Refs. 21 and 22) using projected augmented wave approach, which gave very similar results from DMOL3 code. The accuracy of the simulation procedure has also been established in our previous studies.
23 -25 First, we optimized the geometric structure of graphyne [ Fig. 1(a) ]. After relaxation, the system retains its planar structure, consistent with experimental observation. As shown in the figure, the distance between two nearest neighbor hexagonal rings are found to be 6.90 Å, which is also the cell constant simulating the rhombus unit cell. The C-C bond lengths can be used to determine the type of bond. Generally speaking, the length of single σ bond is ∼1.47 Å, while the double (σ + π ) and triple (σ + 2π ) bonds shrink to ∼1.38 Å and ∼1.21 Å, respectively. Note that here π indicates localized π orbital. When a delocalized big π orbital takes part in bonding the corresponding bond length will be elongated a little. In hexagonal C rings of graphyne, the bond length is 1.43 Å, which lies between single and double bonds, corresponding to (σ + big π ) binding, similar to that of a pristine graphene sheet, 1.42 Å. The bond length in the inner C-chain is calculated to be 1.22 Å, close to the C≡C triple bond. Hence, due to the tetravalent nature of C, the bond between the hexagonal ring and the C-chain should be a single C-C σ bond. However, the bond length is 1.41 Å which is smaller than a pure single C-C bond, namely, 1.47 Å. This can be understood from electrostatic attraction between two C sites and will be discussed in the following. The above results are quantitatively consistent with previous results. 10 The above analyses can be further confirmed from total electron density and deformation electron density, as shown in Figs. 1(b) and 1(c) , where data for pristine graphene are also given for comparison. The deformation electron density is defined as the difference between total density and those of isolated atoms. On the C-chains, electrons are accumulated on the bonds of central two C atoms, demonstrating C≡C bond character. In the hexagonal rings, both total electron and deformation electron distributions of graphyne are quite similar to those of pristine graphene sheet, consistent with (σ + big π ) bonding behavior. Mulliken charge analysis shows that each hexagonal ring receives altogether 0.384 electron (0.064 per C atom) from neighboring C-chains. This charge transfer is due to different electron affinities of the hexagonal C ring and the C-chain. Therefore, the bond between hexagonal ring and the C-chain has some ionic character, which can shrink the bond length compared to that in pure single C-C σ bond. We also find that the electron distribution in graphyne with all even numbered C-chains is same as described above, namely, alternating single C-C and triple C≡C bond. We have also calculated the structure of graphyne with odd numbered C-chains, and observed serious structural distortions. This is due to the two unpaired electrons in the odd-number C-chains making the chain more reactive. 26 Therefore, we will not discuss these cases in the present study.
In order to investigate the mechanisms of semiconducting property of graphyne, we calculated the wave functions at valence-band maximum (VBM) and conduction-band minimum (CBM). Both VBM and CBM are found to be located at M point [ Fig. 2(a) ] with bandgap of 0.47 eV. According to reciprocal space folding scheme, it is easy to show that for a (2 × 2) supercell of graphyne the VBM and CBM will be both at the point, which has been confirmed by our calculations (not shown here). Therefore, in the following, we discuss electron behavior of frontier energy band at point of (2 × 2) supercell, which can reflect the VBM and CBM properties. In Figs. 2(b) and 2(c) , the wave functions of highest occupied (HO) energy state and lowest unoccupied (LU) energy state are plotted. Green (light grey) and red (dark grey) isosurface represent positive and negative signs of wave function, respectively, indicating opposite phases. The HO state is highly localized on the π orbital of hexagonal rings and C≡C bonds. On the other hand, the LU state is located at the σ * bond between the ring and C-chain. These highly localized π HO and σ * LU states of graphyne are different from delocalized π and π * pristine graphene sheet, which makes graphyne semiconducting and graphene metallic.
Next, in order to further understand how the properties of the C-chain can be affected in different bonding environments, we consider the analogous system of BN sheet, Fig. 3(a) ]. This was inspired by the recent experiment on hybrid BN and C sheet. 12 Geometric relaxation reveals that the unit cell lattice is 7.00 Å, a little larger than that of graphyne, namely, 6.90 Å. All bond lengths are denoted in Fig. 3(a) . We can see that the C-C bond length is again 1.22 Å, which shows C≡C triple bond character as discussed above. The bond length between C and B(N) is 1.50 (1.35) Å, due to different atomic radius of B and N atoms. In the BN hexagon, the B-N bond is optimized to be 1.47 Å, which agrees with that of pristine BN sheet, namely, 1.452 Å. 27 Electron total density and deformation density of BN-yne are also plotted [ Figs. 3(b) and 3(c) ] and are compared with pristine BN sheet. We see that the charges are mainly accumulated around N atoms and C≡C bond. The C-B and C-N bonds possess some ionic character, with electrons mainly localized around C and N atoms, respectively. Electron density distribution in the BN hexagonal ring is quite similar to that in pristine BN sheet. Therefore, the B-N bonds again have ionic character. Mulliken charge analysis reveals that N atoms receive 0.538 electrons from neighboring C and B, while B atoms donate 0.454 electrons. Accordingly, C atoms linked by N and B carry 0.249 and −0.162 electrons, respectively. Recall that in pristine BN sheet, N(B) atoms receive (lose) 0.603 electrons, larger than those in BN-yne. This is due to larger difference in electron affinities between B and N in pristine BN sheet compared to that between B-C and C-N in BN-yne. Band structure and partial density of states (PDOS) of BN-yne are given in Fig. 4(a) . Similar to graphyne, the BNyne is also semiconducting with VBM and CBM both located at M point of reciprocal space. The bandgap is 2.65 eV which is smaller than that of pristine BN sheet, 4.64 eV. 23 The PDOS shows that this bandgap is contributed from p orbital, same as that in pristine BN sheet. Wave functions of HO and LU at point of (2 × 2) supercell are plotted in Figs. 4(b) and 4(c) . It is found that the HO is contributed from p orbitals of negatively charged N atoms and C≡C bond, while LU originates from p orbitals of positively charged B atoms and C atoms of C-N bonds. This character is similar to that of pristine BN sheet, which has HO and LU contributed from N and B atoms, respectively. 27 Finally we discuss the modulation of bandgap in graphyne-and BN-yne-based structures, where the nodes (hexagonal rings) and linkers (C-chains) are the basic building blocks. It is easy to imagine that the bandgap of the system can be tuned by changing the node size and/or the length of the linker, providing more flexibility as compared to the bandgap modulations in pristine graphene 23 and BN sheet 25 for nanoelectronics and nanodevice applications. Our calculated results are given in Fig. 5 . There are two competing mechanisms in the studied systems. Longer C-chain can decrease the quantum confinement effect and accordingly decrease the gaps. On the other hand, longer C-chain will further separate the hexagonal rings, which would increase the gap for graphyne-based structure while decreasing the gap in BN-yne-based structure. Thus, the two opposite effects will cancel out to some extent in graphyne-based structure, resulting in minor changes of bandgap with C-chain length, as shown in Fig. 5 . Here, the gap changes from 0.47 eV for n = 2 to 0.52 eV for n = 12, n being the chain index (i.e., number of C atoms in the chain). structure, these two factors led to a monotonous decrease of bandgap from 2.65 eV for n = 2 to 1.14 eV for n = 12.
BN-yne [
We also studied the systems with different node size (m) and C-chain length (n). For graphyne-based structure, the bandgap changes from 0.47 eV for (m = 6, n = 2) to 0.62 eV for (m = 54, n = 4), while the corresponding changes for BN-yne-based structure is from 2.65 eV to 3.67 eV.
In conclusion, motivated by recently synthesized graphdiyne we have studied theoretically the geometric and electronic structures of graphyne and its analog BN-yne. The structures can be viewed as an assembly of hexagonal rings linked via atomic C-chains. They are totally different from the conventional C structures and open new possibilities for creating sp and sp 2 bonded carbon by continuously changing the chain length. Main results are summarized as follows:
(1) C-chain with even number of C atoms can lead to 2D structures, while geometric distortions can be caused by Cchain with odd numbers of C atoms due to the unpaired electrons. (2) The bond between hexagonal ring and C-chain is a single bond, while single C (B or N)-C and triple C≡C bond alternations exist in C-chain with even numbers of C atoms. (3) Both graphyne and BN-yne are direct semiconductors with VBM and CBM located at M point of reciprocal space. (4) The HO and LU states of graphyne are contributed by π and σ * bonding orbitals, respectively. For BN-yne, the HO is localized on negatively charged N and triple C≡C π bonds, and the LU is localized on positively charged B and C atoms of C-N bond. (5) The bandgaps can be modulated by changing the node size (m) and the C-chain length (n), providing more flexibility for energy band engineering. The present study provides insight into the atomic engineering of novel carbon-based 2D structures by using the length of carbon chain as a new parameter.
